Abstract. An existing consistent set of model potentials for alkali halides formulated for convenient use in defect applications is extended to incorporate hydrides. The additional parameters required are fitted to the limited available experimental data for perfect alkali hydride crystals. Calculations of local-mode frequencies for isolated H -substitutional (U-
Introduction
Considerable progress has been made in recent years in modelling static properties of ionic crystals with impurities. The two main factors responsible for these advances have been the development of efficient general-purpose computer packages for defect energy calculations and improvements in the interaction potential models required as input for these packages. For the latter the approach has been to parametrise the potentials in terms of constants relating to the constituent ions and hence, after fitting to properties of a family of pure crystals, a prescription is provided for the interactions in mixed crystals. The success of such a prescription is by no means guaranteed but the results of defect calculations have indicated that the approach is fruitful at least for halides and oxides.
For dynamical simulations less extensive testing has been carried through. The traditional method of calculating the influence of impurities on crystal dynamics is the Green function method. For implementation this requires knowledge of the changes in force constants around the impurity (as well as the known mass changes). These must be derived from the interaction potentials as appropriate derivatives evaluated at the relaxed configurations which can be found by the defect statics methods mentioned above. While there is no difficulty in principle in calculating the required force constant changes, it is a lengthy exercise. Also, a result of including polarisation effects in the potential model is that the force constant changes show very significant departures from the relations implicit in commonly used 'added spring' models; see, for example , Sangster and Rowel1 (1982) . A further problem in the conventional use of Green function techniques is that the analysis is restricted to core functions, the shell coordinates being eliminated using the adiabatic approximation. This is inconsistent with the treatment of defect statics problems.
0022-3719/86/193535 + 13 $02.50 @ 1986 The Institute of Physics With currently available computational power alternative approaches that avoid these problems are possible. In the supercell method, the usual techniques for finding normal modes in perfect periodic lattices are applied to a large unit cell containing the impurity. The cell must be large enough for the imposed periodicity of the impurity ions to be of little consequence. (Exactly the same considerations apply in the periodic boundary conditions used in molecular dynamics or Monte Carlo simulations of liquids.) We have previously studied impurity modes in mixed alkali halides using the supercell method (Sangster and Hussain 1985) . Analysis of the eigenvectors showed that with 64-atom cells the boundaries exerted some influence on the frequencies of gap modes. Further investigations with linear chains showed the fairly well known results that displacements in gap modes are much less well localised than those in local modes and that a 64-atom cell should certainly be adequate for the latter. Since a sharply defined single-mode property such as a local-(or gap-) mode frequency provides an excellent and stringent test of the transferability of potentials in dynamical applications we address here the problem of impurity local modes in alkali halides.
Experimental results for these have been reviewed by Barker and Sievers (1975) . It appears that none exists in mixed alkali halides. Likely candidates such as Li in KC1 move off-centre and absorb in the far-infrared; this is also predicted by the model potentials (Sangster 1980) . However there is a wealth of experimental data for hydrogen centres in alkali halides; substitutional H-, either isolated or associated with other impurity cations or anions, H--ion pairs and interstitial H-. Modelling interstitial H-is an extreme test of any interaction potential in view of the closeness of the neighbouring ions. For the impurity pairs the reduced symmetry makes the supercell method especially attractive, compared with the Green function alternative.
The first task then is to extend the potential scheme for the alkali halides to include alkali hydrides; this is done in the next section. In 9: 3 we discuss the use of the supercell method, particularly the choice of unit cells for the various symmetries of impurity and impurity pairs. Our results are presented in § 4. There appears to have been little recent theoretical work on H-centres in alkali halides. The earlier treatments of isolated substitutional H-by Jaswal (1965) and his extensions to local modes from H -with neighbouring cations (Jaswall966) were based on rigid-ion models and involved empirical adjustments of force constants to fit the experimental data. Further limitations on these calculations (acknowledged by the author) were the neglect of nearest-neighbour relaxations and, less seriously, the rigid lattice in which the nearest-neighbour molecular cluster wasconsidered to be embedded. Maradudin and Peretti (1967) have also considered H--cation-impurity pairs on an even more restrictive model, but their main concern was with second-harmonic effects.
The rigid-ion embedded-molecule model has also been applied to interstitial hydrogen (Striefler and Jaswall969) . Relaxations of the eight nearest neighbours of interstitial H-in KBr were determined by energy minimisation with a range of potential models and the local-mode frequency found by diagonalisation of the dynamical matrix. For all models the frequency was at least 20% higher than the experimental value in contrast to the close agreement found for substitutional H-by applying the same methods and potential models. From this Striefler and Jaswal gave support to the suggestion of Gross and Bron (1967) that the observed peaks were not due to isolated interstitial H-at tetrahedral sites. However subsequent careful thermal annealing experiments by Durr and Bauerle (1970) proved fairly conclusively that the absorption at 23.8THz was by interstitial H-at tetrahedral sites. While the failure of the theory must lie in the assumptions of the potential model (in particular the rigid-ion approximation) we are not aware of any more recent attempt at resolving the question. (From another point of view, the radical differences in surroundings of substitutional and interstitial sites could be invoked to describe a mere 20% disagreement as a minor triumph.)
The measurements of local-mode frequencies for H-H-, D-D-and H-D-pairs in KC1 by de Souza and Liity (1973) have been analysed by these authors in terms of a simple model in which the impurities are treated as rigid ions connected to each other and to the walls of a rigid three-dimensional box which is taken to represent the host lattice. Green function methods with a shell-model representation of the host crystal have been applied to these cases by Gupta and Mathur (1980) . Both of these approaches rely for their success upon choices made for effective force constants around the impurity. Our calculations involve no such arbitrary assumptions: once the parameters in the relevant potentials for perfect crystals have been determined no further adjustments are made. Further criticisms of the Green function calculations, which have also been made for isolated H-impurities (Gupta and Singh 1979a) , H--cation-impurity pairs (Gupta and Singh 1979b) and H--anion-impurity pairs (Gupta and Singh 1980) are:
(i) that only radial core-core force constant changes are considered in the defect matrix;
(ii) that unexplained differences in these effective force constant changes between the H-impurity and neighbouring host cations are required to account for the experimental results in the various defect symmetries; and (iii) that in cases for which the number of measured local-mode frequencies exceeds the number of adjustable parameters (particularly H--anion-impurity pairs) the agreement with experiment is rather poor. Further comparisons between these results and our own will be made in § 4.
Inter-ionic potentials for alkali hydrides
The main feature of the potentials for alkali halides derived by that makes them useful for defect applications is that all pair interaction potentials are specified solely in terms of parameters of the ions involved. In addition to the consistent shell parameters (shell charge, Y,, and free-ion polarisability, a,) the parameters of the short-range pair potentials
(1) are expressed as In the expression for the Pauling factor (equation (2)), Z, and Z, are the ion charge in units of le1 and have a common magnitude (0.97) for all ions and n, (n,) is the number of electrons in the outer shell of ion i ( j ) . The energies Ei and E, in the London and Margenau expressions, (5) and (6) respectively, for the van der Waals coefficients are taken to be related to the free-ion polarisabilities a, and a, in the way proposed by Ruffa (1963) . A', (A',) is the total number of electrons in ion i ( j ) . Thus all interactions are specified in terms of ion parameters a,. Y,, B,, a, and S, and global parameters b , t and Z. Values for these parameters were obtained by a least-squares fit to the static and highfrequency dielectricconstants, eoand E,, the transverse opticfrequencies, wo, and lattice constants, ao, for the twenty alkali halides.
In order to simulate hydrogen impurity centres in alkali halides, we have tried to extend the above scheme to include the alkali hydrides, all of which have the rocksalt structure. Although nearest-neighbour distances (ao) and cohesive energies are available for all five hydrides, the dielectric constants and transverse optic frequency have been reported for only LiH; see table 1. From our point of view this is the least favourable choice since the lithium halides are the salts least well represented in the Sangster and Atwood scheme. A further problem arises from the chosen form of parametrisation. If the above relations are strictly adhered to, the short-range repulsive interaction between two H-ions will be very small; with the full ionic charge the Pauling factor given by equation (2) is zero. Since the argument given by Pauling (1928a, b) is only approximate, the restriction imposed in this case seems too severe. For the hydrogen-hydrogen interaction the parameter 0--is therefore left free, although we expect a value small compared with unity. In addition to this parameter we require values for Y -, a-, B -, U-and S -for the H-ion. From the fitting procedures detailed by Sangster er a1 (1978) the experimental values of E~, E, and w o for LiH (together with the shell parameters, Y , and a+, for Li deduced for the alkali halides) provide values for the parameters Y -and a-and also the nearestneighbour short-range force constant combination
The shell charge (-1.3461el ) of the two-electron H-ion is consistent with the physical interpretation of the shell model. The van der Waals contributions to the short-range potential are given by equations (5) and ( 6 ) using the polarisability CL. For any choice of the parameters 0-and S -, B -is determined from equation (7) and then the Pauling factor 0--is provided by the stability condition that the cohesive energy should be a figure 1 . Considering the simplicity of our potentials and the constraints that are imposed upon them, in particular keeping the ion charge 2 at the common value found for the alkali halides, the agreement is fairly satisfactory. The obvious deficiencies of our model could of course be greatly reduced, as for example in the force constant models of Dyck and Jex (1981) , but only if we abandon the attempt to fit hydrides into the consistent scheme for the halides. It is vital to retain this scheme in order to make reasonable interpolations (from a well defined prescription) for the potentials of interaction that will be required in the defect dynamics considered later, e.g. H-Cl-interactions. Overall the agreement with both dynamic and static properties of LiH seems to us to be adequate for our purposes. Values for the dielectric constants and transverse optic frequencies of Na, K and Rb hybrides deduced from the model potentials (and with the model equilibrium spacings) are given in table 1 in parentheses.
Calculation of local-mode frequencies
The first stage in the calculations is to find the relaxations and polarisations of the ions around the isolated impurities or impurity pairs. This was done using the HADES package (Norgett 1974 (Norgett ,1977 . Beyond the nearest neighbours these relaxations were generally small, being largest, as is to be expected, when the ion-size mismatch was greatest, namely when H-substitutes for I-, and for interstitial H-. A choice of periodic cell then has to be made. Ideally this should be large enough to render negligible the errors introduced by the necessary placing of ions on the boundary at perfect-lattice sites. For isolated substitutional H-a 64-atom cube allows relaxations of all first, second and third neighbours. While in some cases the relaxations of fourth neighbours, which are in line with the impurity and its first neighbours, were not negligible, this was considered to be a very reasonable compromise. In the other symmetries either the H-is not at a site of inversion symmetry (interstitial H-) or two centres are involved and the size and shape of the periodic cells in our calculations were governed by limitations in available computer time.
Except for in the isolated substitutional H -case we used the general large-cell lattice dynamics package TYPHON discussed in our earlier paper. While for infrared absorption frequencies we are concerned with the zero-wave-vector limit in which the dynamical matrix is real and symmetric, the matrix is treated in the program (which applies to any wave-vector) as complex and Hermitian. Around 60 atoms per cell was for us a practical upper limit. The cells detailed in table 3 were chosen to allow relaxations as far as possible from the impurity while working within thisconstraint. For interstitial H -the tetrahedral impurity site symmetry means that even with a 65-atom cube as the cell it is not possible to relax all second neighbours; since nearest-neighbour relaxations can also be incorporated in a 55-atom rhombohedron (type B in table 3) we used this smaller cell.
For impurity pairs there are obvious advantages in choosing a tetragonal cell with a longer generator along the impurity pair axis. In cell type C which we used for (110) H-H-or H--anion-impurity pairs the relaxations of the eight ions indicated in figure 2(a) in the 001 plane containing the impurities were included as were those in the planes immediately above and below. Note that this includes some but not all second neighbours; while relaxations of some further neighbours in the plane shown could be appropriate to the zero-wave-vector limit. Symmetry operations relate members of large groups of terms in the dynamical matrix and since a high proportion of the time is taken in setting up this matrix (in particular the coulombic contributions) a major economy is made by reducing explicit calculation to only one member per group. We have done this for cell type A, isolated substitutional H -, partly because the symmetry reduction is greatest in this case but mainly because of the relatively high number of examples we wish to consider. Further use of symmetry could be made at the diagonalisation stage by projecting out only the infrared-active representation but this is of less importance in the overall cost and we have not attempted such projections. With a symmetrised setup stage and the use of a real matrix the computer time requirement is about one eighth of that using the general program.
The artificial translational symmetry of the defect imposed in the supercell method is introduced entirely for the convenience of being able to use a fairly standard dynamics package for the calculation of polarisations of ions around the impurities. Since we are in effect looking at a collective local mode the triple degeneracy for an isolated impurity is removed by LST splitting (Lyddane et a1 1941) . Frequencies for vibrations along and transverse to the direction in which the limit of zero wave-vector is taken were found to differ by between 2 and 4%. This provides a measure of the effects of the unphysical correlations introduced by the supercell method. The frequencies that we report in the next section are all for transverse vibrations and therefore would correspond to infrared absorption by the supercell. (It could be argued that a weighted mean mightbe more appropriate but in view of the small splittings found this would lead to only a slight increase in frequencies.)
For H--cation-and H--anion-impurity pairs the triple degeneracy of the local mode is lifted to give two frequencies in the first case (CdV symmetry) and three in the second (Cz, symmetry). By using beautiful combinations of alignment techniques and dichroic measurements Liity and his co-workers (see, for example, de Souza and Luty 1973) have identified the symmetries of displacement in each of the modes. By taking the wavevector limit in a direction orthogonal to the impurity pair axis our calculations yield both of the infrared absorption frequencies in the C,-symmetry case: two limiting directions are needed to obtain the three frequencies for the lower CZV symmetry.
Pairs of H -impurities (or D-impurities) have six local-mode frequencies of which only the three with the two H-ions moving in phase have associated dipole moments. Again calculations with two limiting directions for the wave-vector are required. The inphase vibrations, which should correspond to the measured infrared frequencies, are selected by examining the eigenvectors. The three out-of-phase vibratiom are Ramanactive but the frequencies have not been measured. For a H-D-impurity pair all six local modes are infrared-(and Raman-) active and measured values are available for some out-of-phase as well as in-phase mode frequencies. Since crystals with sufficient concentrations of H-D-pairs also contain isolated H-and D-centres and H-H-and D-D-pairs the net absorption spectrum is complicated and even with the elegant techniques mentioned above it has not proved possible to resolve all of these six lines. As with the other pairs, symmetries of displacement, L, T, and T* in the notation of de Souza and Liity (1973) , can be identified but in-phase and out-of-phase modes cannot be distinguished experimentally. (In each symmetry the higher-frequency mode is dominated by the H-displacement, the lower by the D-displacement, and hence absorption strength would be an unreliable indicator.)
There is some confusion in the literature on the question of which frequencies arise from out-of-phase and which from in-phase vibrations. De Souza and Liity (1973) associate the higher of the two (L, T, or T*) frequencies with the out-of-phase mode. This is based solely on agreement with their model and it is clear from the eigenvectors resulting from their model that their identification is wrong. The out-of-phase vibration is at the higher frequency for the L modes but at a lower frequency for the T~ and T~ modes. This correction is made implicitly in a later paper (Robert and de Souza 1974) but the initial incorrect assignments are reiterated by Gupta and Mathur (1980) , whose calculations presumably make corresponding transpositions.
Results and discussion
We have calculated the local-mode frequencies for isolated substitutional and interstitial H-in all the alkali halide host crystals forwhich Barker and Sievers (1975) have tabulated measured values. Our results are presented in table 4. We also include two substitutional D-cases which indicate that H-and D-frequencies are related by a scaling factor of 1.39-1.40 (just under 2l/*) as is well known both experimentally and theoretically. The resultsobtained when only theimpuritymassischanged, i.e. no alternations in potentials being made and consequently no relaxations around the impurity, are given in parentheses for the substitutional impurities (having no relevance for interstitial H-). It can immediately be seen that the calculated frequencies are strongly reduced (by up to about 50%) by modifying the potentials around the impurity and allowing local relaxations. Consequently the values obtained depend crucially on these potentials. It can be noted too that the fractional changes in frequency resulting from potential changes are greatest Table 4 . Frequencies in THz for local modes due to isolated H -or D-in alkali halides. The experimental results are from the tabulation by Barker and Sievers (1975 in the cases for which large mismatch effects would be expected to be largest, e.g. in iodides and in LiF. Bearing in mind that no adjustable parameters are involved the agreement with experiment for substitutional H-and D-seems very satisfactory. In our previous work on gap modes (Sangster and Hussain 1985) we carried out some parallel Green function and supercell calculations to test the validity of the latter method. As we pointed out in that paper the consistent calculation of force constant changes from interaction potentials is a time-consuming task. Here we have not attempted such tests except to reproduce (to within 0.1 THz) the results for KI and RbI when only the impurity masses are changed (21.6 and 20.4 THz) by the Green function method.
It is normal in Green function calculations to quote force constant changes as percentages of perfect-lattice force constants. It is by no means clear what the perfectlattice term should be taken to be. Since relaxations and polarisations of neighbouring ions play a role, a comparison with only short-range force constants is not enough. Although we feel that the figure has only a restricted meaning, we have calculated the reduction in force constant for H-in RbI, an extreme case, as 70.5%. This was obtained by comparing the quadratic dependence of the configurational energy of H-in RbI on displacements of the H-ion (keeping all other ion cores fixed but allowing changes in electronic polarisation) with its counterpart for displacements of an I-ion in the perfect lattice; see Sangster et a1 (1981) for details of this procedure. This reduction is only slightly higher than the values for iodides obtained by Sebastian er a1 (1979) by empirical fitting (and with a different choice of perfect-lattice term). When the Green function for H-displacements is modified by this force constant change (-19.4 N m-') as well as the mass change the local-mode frequency is given as 11.4 THz. Since this Green function calculation is for only a single element of the Green function matrix, the agreement with the value obtained by the supercell method (10.8 THz) is surprisingly good.
Local modes from interstitial H-provide the most stringent test of our scheme. The impurity is surrounded by a neutral cage of eight host ions at appreciably smaller separations than those in the perfect crystals from which the potential parameters were deduced. In particular the H--anion potentials, which are only obtained by application of a prescription carried over from other fitted interactions, are being severely tested. Additionally the nearest-neighbour relaxations are large: in KCI the four K+ neighbours of the H-interstitial relax inwards to (0.46,0.46, 0.46) a. and the four C1-neighbours outwards to (0.59,0.59, 0.59)ao. This leads to considerable changes in the interactions between host ions. While the relaxations of further neighbours are much smaller, their enforced neglect in our supercell calculations will certainly introduce errors. In the light of these provisos the level of agreement with experimental values that we obtain seems remarkably satisfactory. As discussed in the introduction, Striefler and Jaswal (1969) also adopted a consistent potential approach to substitutional and interstitial H-in KBr, allowing for relaxations albeit for a rigid-ion model. While their most satisfactory potential model (HM2) reproduces the substitutional local mode to within 2%, the error for the interstitial case is over 20%. The corresponding errors in our calculations (with no flexibility of choice of potential model) are less than 3 and 4% respectively. More than anything else the improvements in our calculations are a clear indication of the necessity of including polarisation terms in the calculation.
In table 5 we present our results for substitutional impurity pairs. For (110) H-Hand H-D-pairs there are six local-mode frequencies. In all other cases, even when both substitutional ions are lighter than the host ions they replace, there are only three in Czv symmetry and two in Czv symmetry. This is in accord with the absence of local modes in mixed alkali halides. Vibrations along the pair direction are classified as L, perpendicular (1970) . de Souza and Luty (1973) . Barth and Fritz (1967) . see also Mirlin and Reshina (1966) . t Tentative experimental assignments.
to this direction as T. Following de Souza and Luty, if the impurity pair has (110) orientation, T~ vibrations are along (li0) directions and T2 along (001). These may be further classified as in-phase and out-of-phase. For the H-H-pair only the in-phase vibrations are infrared-active as the out-of-phase vibrations have zero associated dipole moment. For H-D-pairs all six modes are infrared-active although they have not all been resolved experimentally.
As discussed in the last section we have amended the phase assignments of de Souza and Luty. In confirmation that for transverse modes the out-of-phase vibrations occur at higher frequencies than those in-phase and vice versa for longitudinal modes, we find for the H-Br-pair that the small accompanying Br-displacements are in phase and out of phase with the H-displacements in the L and T modes respectively. In figure 3 Although there is some evidence that our potential model is not quite adequate for the task, the overall agreement with experiment is fairly good. All the qualitative empirical rules are satisfied; for example, in the cases for which the second substitutional ion is heavier than the host ion it replaces (KCl : H-Rb+ and KBr : H-Rb') the L mode has a higher frequency than the T modes whereas the cases with a lighter substitutional ion (KC1 : H-Na', RbBr : H-K+, KCl : H-H-and KCl : H-D-) show the opposite behaviour. The higher frequency always lies above the corresponding frequency for an isolated H-substitution and the lower below, but there is little evidence from our calculations, or for that matter from the experimental results, for the centroid of the split frequencies lying at the isolated H-frequency as is sometimes assumed (see, for example, Newman 1969). For the (110) pairs it can be seen that possible differences in frequency ordering of infrared-active modes between H-H-pairs (with the T~ symmetry vibration lying between the L and T~ modes) and H-Br-pairs (with the middle frequency being that of the T~ mode) can be explained in terms of phase differences. The results for some of the infrared-active frequencies in KCl heavily doped with H-are displayed in figure 4. The frequencies arising from (200) H-H-pairs were tentatively assigned by de Souza and Liity (1973) ; further experimental studies were advertised but to our knowledge have not been reported. Our calculations while certainly not in very close agreement do seem to offer some support to the assignments. It should be noted that there is total agreement between theory and experiment in the ordering of the frequencies shown in the figure.
